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Abstract 
Tyrosine was explored as a cross-linking agent to form cross-linked bovine serum albumin 
(BSA) using laccase as a catalyst. Liquid chromatography-mass spectrometry (LC-MS) and 
fluorescence spectra indicated that tyrosine can be mainly oxidized to be dityrosine. Spectra 
analysis and molecular weight were used to characterize the BSA treated with tyrosine and laccase. 
Both SDS-PAGE and size exclusion chromatography confirmed the formation of cross-linked 
BSA, while most of the protein products existed as BSA–tyrosine conjugates. The MALDI-TOF 
analysis revealed that five tyrosine units were grafted on one BSA monomer, however one 
cross-linked BSA consists of two BSA monomers and 18 tyrosine. Furthermore, the content of the 
amino acid of BSA was identified using amino acid analysis, among those the percentage of lysine 
presented a visible decline from 12.36% to 11.43%, corresponding to 4-5 lysine residues. The pure 
and modified BSA were hydrolyzed by trypsin and the corresponding peptides were obtained. 
Different mass of five peptides from LC-MS spectra after hydrolysis indicated that tyrosine could 
react with Lys-136, Lys-204, Lys-224, Lys-322 and Lys-537 in BSA, promoting the formation of 
BSA–tyrosine conjugates and cross-linked BSA. 














Protein cross-linking is the process of binding two or more protein molecules together via 
covalent bonds which can lead to increasing stability of protein structure and resistance to 
chemicals [1-5]. The cross-linking of proteins into one large macromolecule has been studied in 
the field of food chemistry [6-9], textile [4, 10-13-9] and others. To achieve this, specific 
crosslinking reagents are used to form new covalent bonds. Both chemical reagents and enzymes 
can be used for protein cross-linking reactions. Transglutaminase (TGase, E.C. 2.3.2.13) is 
described to cross-linking of proteins based on lysine and glutamine residues: specifically, TG 
catalyzes the acyl transfer reaction between γ-carboxamide groups of glutamine and the ε-amino 
group of lysine residues in protein to form the ε-(γ-glutamyl)-lysine bond [5, 14-17]. Laccase 
enzymes are also described to catalyze the crosslinking of proteins with phenolic type moieties 
[6-8, 18-22].  
Laccase (EC 1.10.3.2) can catalyze a wide range of substrates such as phenols, aromatic, 
aliphatic amines and their derivatives [23-25]. Catechol [26-29] was used to explore the 
mechanism of laccase catalyzed reaction. Cinzia et al. described a biosynthetic pathway to 
synthesis resorcinol/2,5-diaminobenzenesulfonic dyes using Pleurotus ostreatus POXA1b laccase 
[30]. Hossian et al. studied the effect of alkyl chain length on the polymerization of gallic acid 
[31]. On the other way, Yu et al. proved β-cyclodextrin can be grafted on to tyrosine and wool 
fabric via laccase/2,2,6,6-tetramethylpiperidine-1-oxyl [32]. Jiang et al. investigated 
laccase-catalyzed cross-linking of α-lactalbumin and ferulic acid [18]. Zhou et al. grafted 
chitooligosaccharide onto silk fibroin, meanwhile D-Glucosamine and p-hydroxyphenylacetamide 
were used as the model compound of tyrosine residues in silk fibroin to disclose the grafting 
mechanism [33]. The primary OH groups of phenols are oxidized by laccase with or without 
mediate to obtain quinones that can react with ε-amino groups to form Schiff bases or Maillard 
reactions. In addition, laccase was proved to oxidize tyrosine [34, 35], cysteine and tryptophan. 
Vimbainashe et al. proved laccase-mediated crosslinking of amadumbe dough for potential 
gluten-free applications [36]. Wang and Zhu et al. proved tyrosine-containing peptide was 
covalently grafted onto the fibroin surfaces using 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride [19] and genipin [37], respectively.  
Bovine serum albumin (BSA) is an α-helix globular protein and its structure is quite different 
from α-lactalbumin, α-casein and silk fibroin [38]. BSA contained 40 tyrosine residues and 75% of 
those tyrosine residues are located inside the globular structure [38]. As BSA showed poor 
reactivity with laccase, grafting tyrosine-containing peptide, or phenolic materials on BSA is an 
effective method to promote the formation of cross-linked proteins. Some reports indicated that 
phenolic materials such as caffeic acid [8], ferulic acid [6, 7, 18, 20, 21], vanillin acid, gallate and 












catechin showed the ability to react with α-casein and BSA, promoting the formation of protein 
conjugates or dimers [22]. The polymerization of phenolic materials was not controllable in the 
enzymatic process, leading to the different colors of the reaction solution and inevitable dyeing of 
cross-linked protein products [39, 40]. Otherwise, tyrosine was oxidized to dimers whose solution 
are transparent without additional oxygen. Till now no report adopted tyrosine as a cross-linking 
agent to accomplish the cross-linking of BSA. 
In this study, bovine serum albumin (BSA) was used as a model protein and tyrosine was 
applied as a crosslinking agent. The aim of this study is to explore a new approach to obtain 
cross-linked BSA using tyrosine as a cross-linking agent by laccase.  
2. Material and methods 
2.1 Materials 
Laccase (EC 1.10.3.2) from Myceliophthora thermophila was supplied by Novozymes, 
Denmark. Bovine serum albumin Fraction V (BSA) was provided by Sigma-Aldrich and used 
without further purification. Tyrosine, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid 
(ABTS) and Trypsin (EC 3.4.21.4) were also purchased from Sigma-Aldrich. Reagents used in 
SDS-PAGE analysis were purchased from Bio-Rad Laboratories, Inc. (Hercules, USA). All other 
reagents were of analytical grade and provided by Sinopharm Chemical Reagent Co. Ltd 
(Shanghai, China). 
2.2 Laccase activity 
Laccase activity was measured by incubating 0.1 mL of diluted laccase and 0.1 mL of freshly 
prepared 5mM ABTS in 0.1 M acetate buffer (pH 5.0). The absorbance of ABTS was measured at 
420 nm using a Synergy
TM
 H1 and recorded every 1 minute for 10 minutes. One unit of laccase (U) 
is defined as the amount of laccase required to oxidize 1 µmol of ABTS per minute [22]. 
2.3 Tyrosine catalyzed by laccase 
Tyrosine (0.4 mg/mL) was diluted in 0.1 M acetate buffer (pH 5.0) with or without laccase (6 
U/mL) in a shaker metal bath. The reaction temperature, time and speed were set at 40 
o
C, 6 h and 
500 rpm, respectively. After the reaction, laccase was removed by ultrafiltration. The obtained 
liquid was divided into two parts, one part was kept at 4 
o
C for UV-Vis, fluorescence and LC-MS 
measurement. The other part was collected by freeze-drying and analyzed by FTIR. 
2.4 Preparation of BSA-tyrosine complex using laccase 
Mixture solution of 0.05% w/v BSA and tyrosine complex (ratio of BSA/tyrosine was 0.25) 
[41] was adopted for laccase treatment. 6 U/mL laccase was added to the mixture with no laccase 
added as controls. The mixed solution was equilibrated at 40 
o
C for 6 h with a speed of 500 rpm in 
a shaker metal bath. To separate unreacted tyrosine from the solution, samples were ultrafiltrate 
with 30 kDa. The filtrate (down layer) was collected for UV-Vis and fluorescence detection, while 












Untreated BSA and part of BSA-tyrosine complex (1 mg/ml) were hydrolyzed by trypsin at 
40 
o
C for 24 h and followed by a water bath at 100 
o
C for 5 min. Hydrolyzed samples were 
centrifugated at 8000 rpm for 10 min, and the obtained supernatants (contain peptides) were 
prepared for LC-MS analysis. The remaining BSA-tyrosine complex was kept for 
characterization. 
2.5 Characterization of self-assembly tyrosine and tyrosine-BSA complex 
2.5.1 FTIR spectroscopy 
The spectra of self-assembly tyrosine and tyrosine-BSA complex were detected using a 
Thermo Nicolet iS10 spectrometer (Thermo Fisher Scientific Co., Waltham, MA, USA). 
Potassium bromide (KBr) powder was used as the matrix for background signal scanning. The 
samples mixed with KBr with a weight ratio of 1:100. The spectra were recorded at a wavelength 
from 4000 to 600 cm
-1
, with a resolution of 8 cm
-1
 and 32 scans. 
2.5.2 LC-MS 
The filtrates of tyrosine treated with and without laccase (mentioned in 2.3) as well as the 
supernatants of hydrolyzed BSA samples (mentioned in 2.4) were clarified through 0.22 um 
Whatman microfilter and 1.5 ml aliquots were transferred into clean vials. All samples were 
confirmed by LC-MS analysis on an Acquity UPLC separation module coupled with Quattro 
Premier XE
TM
 Mass Spectrometer (Waters, USA). Separation of samples was carried out on an 
Acquity BEH C18 column (2.1 mm × 50 mm, 1.7 um) at the column temperature of 45 °C, with a 
flow rate of 0.3 mL/min. The elution solvents consisted of 0.1% formic acid and methanol. Peaks 
were analyzed by software MassLynx V4.1. The reacted residues in BSA can be determined by 
comparing the detected molecular mass of peptide between BSA and BSA-tyrosine complex. The 
predicted molecular mass of peptide of pure BSA hydrolyzed by trypsin was provided by ExPASy 
resources [42]. 
2.5.3 UV-Vis and fluorescence spectra analysis 
Synergy
TM
 H1 was used to record UV-Vis and fluorescence spectra of self-assembly tyrosine. 
For UV-Vis absorption measures, data were collected from 240 to 600 nm in 2 nm steps. Due to 
the fluorescence characteristics of dityrosine, its formation can be monitored by the fluorescence 
spectrum. The emission wavelength was fixed at 360 nm [43], spectra were scanned in the range 
of 390 to 600 nm with 2 nm path length. 
2.5.4 Determination of amino and phenolic hydroxyl content 
 Unreacted tyrosine and self-assembly tyrosine were separated from mix solutions by 
ultrafiltration (30 kDa), The obtained filtrates (down layer) were used to determine the amount of 
amino and phenolic hydroxyl following o-phthalaldehyde (OPA) [44] and Folin-Ciocalteu [45] 
method, respectively. The Folin-Ciocalteu method was described as followed. 0.2 ml of samples 












carbonate was added. The samples were incubated for 1 h at room temperature. Absorbance was 
detected at 765 nm, and the amount of phenolic hydroxyl can be calculated from the calibration 
curve measured using gallate. 
The OPA solution was prepared first. 1.9005 g of borax was completely dissolved in 37.5 ml 
of deionized water, then 1ml of 4% OPA (w/v in ethanol) and 100 ul of β-mercaptoethanol were 
added. The mixture solution was diluted to 50 ml by deionized water. 0.1 ml of samples were 
mixed with OPA solution for 1-2 min and then measured at the wavelength at 340 nm. Calibration 
curves were carried out using L-serine. 
2.5.5 Circular dichroism (CD) spectroscopy 
Circular dichroism (CD) spectra were used to evaluate the changes in the secondary structure 
of BSA products. Samples were dissolved in 50 mM acetate buffer (pH 5.0) to form a 
concentration of 0.05 mg/mL followed by recorded from 190-280 nm with 1 cm path length using 
Chiraxcan V100. SELCON3 method included in CDPro software was used to analyze the CD 
spectra [46]. 
2.5.6 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)  
The molecular weight distribution of BSA before and after tyrosine grafting were analyzed 
by SDS-PAGE using 12.5% separating Tris-HCl gels on mini-protein tetra electrophoresis 
(Bio-Rad Laboratories, Inc., Hercules, USA). The range of molecular mass maker is 10-250 kDa. 
The 30 μl of protein products (0.1 mg/ml) was mixed with 9 μl of 4X Laemmli sample buffer and 
1 μl of β- mercaptoethanol, and then heated in boiling water for 5 min. 10 ul of samples were 
loaded onto the wells and SDS-PAGE was operated at 120 voltage. After electrophoresis, 
Coomassie Bright Blue R250 was adapted to gel staining for 1 h followed by decolorization with 
water overnight. 
2.5.7 MALDI-TOF mass analysis 
    MALDI-TOF was also used to detect the molecular mass of BSA products using a 
Bruker ultraflextreme MALDI-TOF Mass Spectrometer (Bruker AXS Co., Germany). The BSA 
products were dissolved in 1% trifluoroacetic acid (TFA) and sinapic acid (SA) was used as the 
matrix. The samples and matrix mixed with the volume ratio of 1:1 (1 ul each). The sample/matrix 
mixtures were deposited on a steel target matched with MALDI followed by air-dry at room 
temperature. The dried samples were conducted of positive-ion mass spectra. 
2.5.8 Size exclusion chromatography 
The ultrafiltration solution of pure BSA and BSA-tyrosine complex were further detected 
with an Ultrahydrogel Waters liner column (Waters, USA). The size exclusion 
chromatography (SEC) mobile phase was 50 mM phosphate buffer, containing 0.3 M NaCl at 
pH 7.0. 10 μl of samples (0.5 mg/ml) were injected with a flow rate of 0.5 mL/min. Spectra were 












2.5.9 Amino acid analysis 
Amino acid composition of BSA products was carried out using an Agilent 1100 series HPLC 
system (Agilent Technologies, USA). 100 mg of each sample was dissolved in 8 ml of 6 M HCL, 
and hydrolyzed for 22 h at 120 
o
C. After that, 4.8 ml of 8 M NaOH was added into the tube for 
neutralizing and diluted to 25 ml by deionized water. Obtained samples were filtered and then 
centrifugated at 15000 rpm for 10 min. 400 μl of supernatant was transferred to vials for 
measuring the amount of amino acid. 
3. Results and discussion 
3.1 Analysis of tyrosine oxidation products 
The oxidation of tyrosine can be conducted in two ways as previously reported [34, 35, 43, 
47]. Two tyrosine units linked via a C-C biphenyl bond named dityrosine, while the other coupled 
dimer of tyrosine linked via a diphenyl ether bond called isodityrosine [47]. Furthermore, the 
identification of dityrosine was done based on its characteristic fluorescence [43, 48-51]. And 
isodityrosine can be measured by the amount of free phenolic hydroxyl contents. 
MS analysis, the mass-to-charge (m/z) ratio at 182 and 165 attributed to tyrosine and tyrosine 
loss of NH2 (Fig.1 (a)).  Tyrosine oxidized by laccase showed two peaks at m/z=362 and 
m/z=378 were probably contributed dimer tyrosine and dimer tyrosine with Na
+
 (Exact mass 
[2Tyrosine+Na]
+
= 383). The fragment ions at m/z=340 and m/z=322 could be explained by the 
loss of COOH and NH2-CH-COOH from parent ion of [2Tyrosine+Na]
+
 [36], respectively. As we 




 and 1419 cm
-1
 were attributed to C-H 
stretching, C=C stretching vibration of the benzene ring and C-H bending, respectively. The 
absorbances of phenolic hydroxyl in tyrosine (3208 cm
-1
) decreased, indicating that self-assembly 
of tyrosine by laccase occurred in the enzymatic process. Moreover, ether bonds were not detected, 
indicating no isodityrosine formed.  








Fig. 1 LC-MS (a) and FTIR (b) spectra of tyrosine treated with or without laccase 
 
Although, no addition peak presented in UV-Vis spectra (Fig. 2(a)), the fluorescence spectra 



















phenolic hydroxyl contents showed in Table 1 decreased slightly. The results suggested that two 
tyrosine were formed into dityrosine other than being isodityrosine. The ability of laccase to 
oxidize tyrosine resulting in dimerization provided a new approach for cross-linking of protein. 






































 Tyrosine with laccase
 Down layer of tyrosine and BSA mixture
 Down layer of tyrosine and BSA mixture with laccase
 
Fig. 2 UV-Vis of tyrosine (a) and fluorescence spectra of tyrosine and down layer of tyrosine with BSA mixture 
solution by ultrafiltration (b) 
 
Table 1 Free phenolic hydroxyl contents of tyrosine solution treated with or without laccase 
Sample Free phenolic hydroxyl content (mg/L) 
Tyrosine 260.72±1.41 
Tyrosine with laccase 248.61±3.38 
 
3.2 Spectroscopic analysis by FTIR, UV-Vis and fluorescence 
To achieve the cross-linking of BSA, both self-assembly of tyrosine and tyrosine grafting on 
BSA need to be accomplished. As shown in Fig.2(b), dityrosine also could be seen when BSA was 
included in the tyrosine solution with laccase. In addition, the success of grafting tyrosine on BSA 
was proved by the decreasing of free amino content (Table 2). 
 
Table 2 Free amino contents of upper layer of tyrosine and BSA mixture untreated and treated with laccase 
Sample Free amino content (mmol/L) 
Tyrosine + BSA 3.10±0.11 
Tyrosine + BSA with laccase 2.12±0.17 
 
The protein product was analyzed by FTIR spectroscopy. As shown in Fig. 3(a), all the 
protein products showed the typical peaks near 1,650 cm-1 and 1,562 cm-1 attributed to amide I 
and amide II, respectively. The peak of amide I moved to a lower wavelength due to the reduction 
of α-helix content [52]. The cross-linking between tyrosine and BSA catalyzed by laccase was 
confirmed by a carbonyl bond presenting near 1700 cm-1 attributed to C=O stretching vibration 
bond [32]. Also, the absorption peak was observed near 804 cm-1 corresponding to the benzene 
ring in tyrosine. 












peaks of α-helix (192 nm, 209 nm and 222 nm). BSA incubated tyrosine showed two peaks around 
194 nm and 197 nm (Fig. 3(b)) and their molar ellipticity values were declined due to the 
decreasing of α-helix content. The results were consistent with FTIR analysis and other reports 
about BSA treated with metal ions [53,54] or chemical reagent [55-57]. The secondary structure 
contents of each sample were calculated and shown in Table 3. In contrast with untreated BSA, the 
α-helix and β-sheet of the BSA complexes decreased by 6.4% and 3.6%, respectively, while the 
structure of β-turn and random curl increased by 0.4% and 8.8%. Tyrosine grafting had a slight 
impact on the structure of BSA complexes, still showed a high content of α-helix (58.3%) after 
grafting. Compare to the data from PBD 3V03 (www.rcsb.org), BSA products performed the 
decrease in the amount of α-helix and β-sheet increase. It could be explained by water competed 
for the hydrogen with amino and carboxyl groups of protein in the freeze-drying process [54, 58]. 









 BSA with laccase
 BSA+Tyrosine
 BSA+Tyrosine with laccase
1641
(a)













 BSA with laccase
 BSA+Tyrosine
 BSA+Tyrosine with laccase
(b)
 
Fig.3 FTIR (a) and CD (b) spectra of BSA complexes 
 










BSA 64.7 25.9 4.8 5.4 
BSA with laccase 63.7 25.4 4.3 7.7 
BSA + Tyrosine 60.9 23.5 5.8 10.1 
BSA + Tyrosine with laccase 58.3 22.3 5.2 14.2 
 
3.3 Characteristic of cross-linked BSA 
The molecular weight distributions of pure BSA and modified BSA catalyzed by laccase 
were performed by SDS-PAGE. The band of laccase was hardly detected (line 3 in Fig.4(a)) due to 
its low amount (6 U/mL). When only laccase or tyrosine was incubated, it impacted on the 
secondary structure of BSA, but tyrosine residues in BSA cannot oxidize by laccase to form stable 
chemical bonds directly (line 4 and line 5 in Fig.4(a)) [22]. When adding both tyrosine and laccase 
in BSA solution, the band migrated to higher molecular weight (line 6 in Fig.4(a)), indicating 












results were not convincing enough to prove the success of cross-linked BSA formation, so the 
SEC was conducted for further research. As shown in Fig. 4(b), the major peak at 32 min and a 
small peak at 26 min of untreated BSA were assigned with BSA monomer and dimer BSA. The 
time of major in two curves was almost unchanged due to the small difference between their 
molecular weight. Furthermore, it also can be seen a wider peak at 24 min assigned to the 
cross-linked BSA linked by tyrosine dimers.   
MALDI-TOF analysis was used to measure the molecular mass of protein products in 
quantity. Two significant peaks can be seen in Fig.4(c), the molecular mass near 67 kDa ([M+H]
+
) 
and 134 kDa ([M+2H]
2+
) represent BSA monomer and dimer BSA, respectively. When both 
tyrosine and laccase existed, the molecular mass shifted to 67.73 kDa ([M+H]
+
) and 137.02 kDa 
([M+2H]
2+
) which were higher than that of untreated BSA. It revealed that most BSA monomer 
was reacted with tyrosine to form covalent bonds, but only part of BSA monomer was cross-linked 
to form BSA-[Tyrosine-Tyrosine]n-BSA conjugate. The differences molecular weight between 
unmodified and modified BSA were 1.0 kDa and 3.0 kDa, corresponding to five tyrosine and 18 
tyrosine were grafted on BSA monomer and cross-linked BSA, respectively.
  
































Fig.4 Molecular weight analysis of BSA complexes (a) SDS-PAGE, (b) SEC spectra, (c) MALDI-TOF: 
27000~147000 m/z, (d) MALDI-TOF: 128000~147000 m/z 
 
To sum up, the BSA products mainly existed in two forms, we called them BSA-tyrosine 
conjugate and cross-linked BSA. In this case, the enzymatic process could be described in two 












form BSA-tyrosine conjugate. On the other way, dityrosine was formed and followed by grafting 
on the BSA monomer to assemble cross-linked BSA. Thus, tyrosine can be used as a cross-linking 
agent. 
 
Fig. 5 Proposed reaction process and structure of BSA-tyrosine conjugate and cross-linked BSA 
 
3.4 Identification of reacted amino acid residues in BSA  
The amino acid contents of unmodified and modified BSA were measured to determine the 
certain amino acid residues in BSA reacted with tyrosine. Both lysine and arginine can provide 
primary amino groups. Comparing with untreated BSA, lysine content of cross-linked BSA 
presented a more visible decrease from 12.36% to 11.43% (4-5 lysine residues) than arginine 
(Table 4). In our study, tyrosine was mainly reacted with lysine in BSA. The relative solvent 
accessibility (RSA) of amino acid residues can be used to determine if the amino acid on the 
surface of the protein reacted or not. RSA of lysine in BSA (Table S1) was obtained by PYMOL 
software using the amino acid sequence based on crystal structure of bovine serum albumin (PDB 
ID: 3V03, Chain A). In addition, most of the lysine residues in BSA are on the surface (RSA> 7% 
[59]) which means they can react with tyrosine catalyzed by laccase. 
 
Table 4 Amino acid contents of pure BSA and BSA treated with tyrosine and laccase 
Sample Arg (%) Lys (%) 
BSA 6.01±0.19 12.36±0.26 
Tyrosine + BSA with laccase 6.11±0.62 11.43±0.45 
 
Furthermore, LC-MS of the peptides obtained by trypsin hydrolyze can provide the specific 
reactive lysine of BSA. Five peptides showing different mass means that five tyrosine was grafted 
on BSA monomer by laccase which was consistent with results from MALDI-TOF analysis. On 












as the yield of BSA-[Tyrosine-Tyrosine]n-BSA conjugate (cross-linked BSA) was low. As can be 
seen in Fig. 6, peptide T1 showed m/z=391 attributed to sequence FPK, referring to the report [42], 
and m/z=554 can be explained by [FRK + tyrosine], relating to Schiff base formation between 
tyrosine and Lys-224 in BSA. Other peptides (Fig. S1) with the mass of 508, 536, 649 and 752 
were attributed to peptide sequence HKPK (T2), FWGK (T3), CASIQK (T4) and NYQEAK (T5) 
[42], respectively. Meanwhile, the mass of 728, 723, 847 and 952 can be speculated by [HKPK + 
tyrosine(K
+
)], [FWGK + tyrosine (Na
+
)], [CASIQK + tyrosine (Na
+
)] and [NYQEAK + tyrosine 
(Na
+
)], corresponding to Lys-537, Lys-136, Lys-204, Lys-224 and Lys-322 (Fig.7 (a)) in BSA 
were reacted with tyrosine by laccase formed Schiff base or Maillard reactions. 
 
 
Fig. 6 LC-MS of peptide T1 obtained by trypsin hydrolysis of pure BSA and BSA treated with tyrosine and laccase 
 
 
Fig. 7 Reactive lysine residues in BSA showed as sticks (a) and possible chemical reactions between tyrosine and 
lysine (b) 
4. Conclusion 
In this study, cross-linked BSA was formed successfully using tyrosine as a cross-linking 












efficiently, it also catalyze Schiff base or Maillard reactions between tyrosine/dityrosine with 
primary amino groups in BSA. SDS-PAGE, SEC and MALDI-TOF analysis indicated the changes 
in molecular weight of BSA, showing the proposed structure of BSA-tyrosine conjugate and 
cross-linked BSA. Five tyrosine was grafted on BSA monomer, and cross-linked BSA was consist 
of two BSA monomer and 18 tyrosine. Amino acid analysis and LC-MS confirmed that tyrosine 
reacted with Lys-136, Lys-204, Lys-224, Lys-322 and Lys-537 in BSA, however the grafting of 
tyrosine on proteins by laccase occurs randomly. Tyrosine can be applied to other protein products 
as a new cross-linking agent, and the formed dityrosine or lysine-[tyrosine-tyrosine]n-lysine can be 
used to modify the properties of other α-helix based proteins such as wool or hair. 
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Fig. 1 LC-MS (a) and FTIR (b) spectra of tyrosine treated with or without laccase 
Fig. 2 UV-Vis of tyrosine (a) and fluorescence spectra of tyrosine and down layer of tyrosine with 
BSA mixture solution by ultrafiltration (b) 
Fig.3 FTIR (a) and CD (b) spectra of BSA complexes 
Fig.4 Molecular weight analysis of BSA complexes (a) SDS-PAGE, (b) SEC spectra, (c) 
MALDI-TOF: 27000~147000 m/z, (d) MALDI-TOF: 128000~147000 m/z 
Fig. 5 Proposed reaction process and structure of BSA-tyrosine conjugate and cross-linked BSA 
Fig. 6 LC-MS of peptide T1 obtained by trypsin hydrolysis of pure BSA and BSA treated with 
tyrosine and laccase 
Fig. 7 Reactive lysine in BSA showed as sticks (a) and chemical reactions between tyrosine and 
lysine (b) 
Fig. S1 LC-MS of peptides obtained by trypsin hydrolysis of pure BSA and BSA treated with 




















Fig. 1 LC-MS (a) and FTIR (b) spectra of tyrosine treated with or without laccase 
 






































 Tyrosine with laccase
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 Down layer of tyrosine and BSA mixture with laccase
 
Fig. 2 UV-Vis of tyrosine (a) and fluorescence spectra of tyrosine and down layer of tyrosine with BSA mixture 
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Fig.3 FTIR (a) and CD (b) spectra of BSA complexes 
 
  

































Fig.4 Molecular weight analysis of BSA complexes (a) SDS-PAGE, (b) SEC spectra, (c) MALDI-TOF: 














Fig. 5 Proposed reaction process and structure of BSA-tyrosine conjugate and cross-linked BSA 
 
 
































Fig. S1 LC-MS of peptides obtained by trypsin hydrolysis of pure BSA and BSA treated with tyrosine and laccase: 
















Table 1 Free phenolic hydroxyl contents of tyrosine solution untreated and treated with laccase 
Table 2 Free amino contents of upper layer of tyrosine and BSA mixture untreated and treated 
with laccase 
Table 3 The secondary structure of BSA complexes estimated by Circular dichroism (CD) spectra 
Table 4 Amino acid content of pure BSA and BSA treated with tyrosine and laccase 













Table 1 Free phenolic hydroxyl contents of tyrosine solution untreated and treated with laccase 
Sample Free phenolic hydroxyl content (mg/L) 
Tyrosine 260.72±1.41 














Table 2 Free amino contents of upper layer of tyrosine and BSA mixture untreated and treated with laccase 
Sample Free amino content (mmol/L) 
Tyrosine + BSA 3.10±0.11 
























BSA 64.7 25.9 4.8 5.4 
BSA with laccase 63.7 25.4 4.3 7.7 
BSA + Tyrosine 60.9 23.5 5.8 10.1 














Table 4 Amino acid contents of pure BSA and BSA treated with tyrosine and laccase 
Sample Arg (%) Lys (%) 
BSA 6.01±0.19 12.36±0.26 














Table S1 Relative solvent accessibility (RSA) of lysine residues in BSA 
Residues RSA (%) Residues RSA (%) Residues RSA (%) Residues RSA (%) 
Lys-4 70 Lys-159 41 Lys-285 22 Lys-471 18 
Lys-12 60 Lys-173 21 Lys-294 50 Lys-474 55 
Lys-20 35 Lys-180 41 Lys-312 82 Lys-499 45 
Lys-41 50 Lys-187 49 Lys-316 39 Lys-504 77 
Lys-51 33 Lys-204 74 Lys-322 33 Lys-520 29 
Lys-64 49 Lys-211 40 Lys-350 43 Lys-523 61 
Lys-76 70 Lys-221 8 Lys-362 49 Lys-524 32 
Lys-93 52 Lys-224 43 Lys-375 52 Lys-533 6 
Lys-106 8 Lys-232 38 Lys-377 41 Lys-535 18 
Lys-114 84 Lys-239 46 Lys-388 49 Lys-537 91 
Lys-116 89 Lys-242 28 Lys-396 89 Lys-544 53 
Lys-127 80 Lys-261 41 Lys-413 5 Lys-556 54 
Lys-131 59 Lys-273 36 Lys-431 39 Lys-563 20 
Lys-132 49 Lys-275 52 Lys-439 52 Lys-573 44 
Lys-136 44 Lys-280 36 Lys-465 76   
Data obtained by PYMOL software using the amino acid sequence based on crystal structure of bovine serum 














1. Tyrosine was oxidized into dityrosine using laccase as a catalyst.  
2. Tyrosine promotes the formation of tyrosine-BSA conjugate and cross-linked BSA. 
3. Five lysine residues (Lys-537, Lys-136, Lys-204, Lys-224 and Lys-322) in BSA reacted with 
tyrosine by the Schiff base or Maillard reactions in the presence of laccase.  
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